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A calculation method is presented for determining the solubility of a heavy solute in a supercritical gas solvent. The modified BWRequation of Lee and Kesler together with a pseudocritical method was used to calculate fugacity coefficients of the solute in subcooled liquid and vapor phases. The utility of the method presented is illustrated by a calculation of the ethylenenaphthalene system at temperatures between 12 and 65°C and over a pressure range of 8 to 300 atm.
Intro duction
Fluid fuels and chemical feedstocks derived from coal are becoming increasingly attractive as a substitute for oil. Supercritical gas* extraction of coal is promising in many liquefaction techniques12K nized as far back as in 1879 by Hanay and Hogarth6}. Fank3) reports the pronounced solvent power of supercritical water. Weale21) has presented an excellent discussion of solubility of solids in compressed gases.
Hagenbach5) demonstrated enhanced solvent properties of supercritical polar gases. Paul and Wise15) have shown from theoretical considerations that the volatility enhancement is greatest when the temperature at which the extraction is carried out is near the critical temperature of the extracting gas. Gangoli and Thodos4) have given an extensive technical review of supercritical gas extraction. The ethylene-naphthalene system has been extensively studied by Diepen and Scheffer2) at five temperature levels from 12 to 60°C and at various pressures in the range of 40-270atm. Tsekhanskaya et al.18) also studied extensively the influence of pressure levels on the extractive property of supercritical ethylene and carbon dioxide acting on naphthalene. The purpose of this work is to obtain experimental data for the solubility of solid naphthalene in ethylene in the lower pressure range and to propose a new predictive method for calculating the solubility of solids in supercritical gases.
Thermodynamics of Solid-Vapor Equilibria
The solubility of a nonvolatile solute in a supercritical gas is determined from standard thermodynamics16}. Solid-vapor equilibria considered in this study are those for which the solid phase is assumed to be pure solute (component 1) and the vapor phase is a saturated solution of the solute in the solvent (component 2). For such a system, the equation of equilibrium for the solute is given by
where f°±s is the fugacity of pure solid, y1 is the mole fraction of the solute in the solution, and <p\ is the fugacity coefficient of the solute in the vapor mixtures.
Arranging Eqs. (1) and (2), solid solubility is expressed
where f{1 is the fugacity of pure subcooled liquid and virial coefficient, is assumed in vapor phase at moderate pressures, one obtains
If it is further assumed that P>Pjai, the enhancement factor, which is a measure of enhanced solubility, maybe expressed as
In E=\n (PyJPl**)
This equation is often used in a consistency test of experimental phase equilibrium data. In applying the Lee-Kesler equation to mixtures, we used the pseudocritical method8'13). According to the three-parameter corresponding-states theory, the fugacity coefficient of component i in the mixture can be written as follows:
In f* _inf* , n /dT' t\ Hm-H* m _.HJliL\ (z_n /^\ fdMuipy, \OritJT,P,n3\ OQ)m JT' r,P' r For the pseudocritical constants the van der Waals one-fluid model was used.
where ki3-and si5 are parameters determined from binary-phase equilibrium data.
Experimental
Various methods for determining the solubility of solid in vapor are noted in the literature. Static methods, which are extensively used in phase equilibrium determinations, may not be suited for systems of very low content of solute in vapor, for several reasons1\ One is that adsorption of solute on equilibrium cell or sampling tube can cause serious experimental errors, and it is difficult to minimize this effect. These circumstances are similar to measurement of vapor pressures of high boiling-point substances.
We used a single-pass, continuous-flow (also referred to as gas saturation) method1)7'10'17). The methodis especially suitable for low vapor pressures of solute.
1 Apparatus and experimental procedure
The flow apparatus is shown schematically in Fig. 1 .
The gas from a high-pressure cylinder was passed sequentially through two coils immersed in a constant-temperature bath, which was controlled to within it0.02oC. The coils were made of stainless steel pipe (7mm I.D.). The first coil (1.0m length)
ensured that the gas stream was at the prescribed temperature while passing through the equilibrium coil (0.6 mlength) which contained the solute material.
Here the solute material was evaporated into a gas stream. A sintered stainless steel filter (2 /mi pore size) was incorporated into the line on the downstream side of the equilibrium coil to eliminate any possible entrainment. After leaving the filter the saturated gas was led to a throttle valve. The stream pressure was reduced to approximately atmospheric pressure across the throttle valve, after which the stream flowed through the sampling loop of a gas chromatograph. The throttle valve, sampler (1.37 cc) and tubing outside the bath to the gas chromatograph were heated with a Nichrome-wired heating system and insulated to prevent any condensation of solute.
The temperature of the line outside the bath was controlled at 180±5°C. Pressure in the coils was read from a calibrated Heise gage (0.5 Kg/cm2 minimum scale, 200 Kg/cm2 full scale). Temperature of the bath was read from a mercury thermometer (0.05°C minimumscale).
To assure complete saturation of the gas, the gas The flow rate was held in the range of 10 to 15ml/ min.
2 Materials
Naphthalene obtained from WakoPure Chemical Industries was of special-grade purity. Ethylene obtained from Seitetsu Chemical Company had a reported minimumpurity of 99.5 %. These materials was used without further purification. The column packing was PEG20 M and the length of the column was 1 m. The thermostat bath containing the column recorded 200°C at all measurements during the test.
Nitrogen was the carrier gas.
3 Gas analysis
To determine solute concentration, measurements were made with a Shimazu gas chromatograph (Model GC-4BPTF) with hydrogen flame ionization detector and a Takeda digital integrator (Model TR-2215A).
4 Calibration
The flow method (also referred to as the direct injection method) was chosen for calibration of the flame ionization detector.
Helium was chosen as carrier gas because it has very low solubility in naphthalene, and its volumetric properties are accurately known over the temperature range involved.
From Eq. (7) the enhancement factor of naphthalene for the helium-naphthalene system is calculated to be less than 1.003 at 1 atm and over temperature levels of 35 to 65°C. In the calculation the second virial cross-coefficients were estimated by a correlation ofTsonopoulos19}. Mole fraction ofnaphthalene in the sampler was calculated as nsat psat y^E/j^=^(1 1)
The calibration curve was fitted by a quadratic equation. Arithmetic average deviation of the data from the equation was 3.1 %. Diepen and Scheffer2) at 50°C are also shown in these figures for comparison. At 35°C there is no appareni discrepancy between our data and those of Tsekhanskaya et ah But at 50°C the data of Diepen and Scheffer appear to be too high at lower pressures compared with our data.
To check the accuracy of experimental data of this work, a plot of the enhancement factor was tried, as shown in Fig, 5 ; it must be equal to unity at the vapor pressure for the temperature under consideration.
On this basis, the data from the present work appear reasonable.
The solubility of component 1 in component 2 was calculated by two different methods. The first method uses Eqs. (3), (4), (8), (9) and (10) . Terms including ACPin Eq. (4) were neglected, because these terms are much less significant than the others. The second method uses Eqs. (5), (8), (9) and (10) . Results obtained by both methods show little difference. The difference ranges from 1% at 65°C to 3% at 35°C. The following discussion is limited to the former method.
The solubility was calculated by a trial-and-error procedure. Temperature and pressure were selected as the independent, known variables; the program calculates the mole fraction in vapor phase. We calculated the solubility by three different approaches ;
first, assuming k12=s12=0\ second, using k12 and sl2
from the correlation of solid-liquid equilibria of the previous study13}; third, using empirical kn and s12 which best reproduce the experimental solubility data. The results are given in Figs. 2 to 4. They show that the calculations are not too sensitive to values of k12 and s12 from the correlation of the solid-liquid equilibria did not improve the results very much. This may be due to the difference of phases in which fugacity coefficients were calculated : vapor phase in this work, liquid phase in the solid-liquid equilibria. Moreover, to test the applicability of our method the calculations were performed at 12 and 25°C, as shown in Fig. 6 . Results of calculations at 12°C
showthat even a small variation of k12 and s12 appreciably affects calculated results. This may be due to the fact that the system temperature of 12°C is very near the critical temperature of ethylene (9.5°C).
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